Osteoporosis (OP) that is associated with ovarian hormone deficiency following menopause is by far the most common cause of age-related bone loss. Postmenopausal osteoporosis (POP) has become a major problem with significant morbidity and mortality.
Osteoporosis (OP) that is associated with ovarian hormone deficiency following menopause is by far the most common cause of age-related bone loss. Postmenopausal osteoporosis (POP) has become a major problem with significant morbidity and mortality. 1) Bone loss induced by ovariectomy in rats has been widely used as a model of POP and has been validated as a clinically relevant model of this condition in human.
Peripheral quantitative computed tomography (pQCT) and dual energy X-ray absorptiometry (DEXA) are non-invasive bone densitometry methods used in clinical settings for assessment of bone density as well as the efficacy of treatment for osteoporosis. 2, 3) pQCT provides measurement of volumetric bone densities (vBMD, total and cortical bone mineral density) as well as a set of geometric variables including cross-sectional area; while DEXA provides measurements of bone mineral content (BMC) and the area of the scanned region and areal bone mineral density. Although DEXA is one of the most commonly used clinical methods for measurement of bone mass, it is not ideal for use in animal studies and clinical trials due to its inability to distinguish between cancellous and cortical bone 4) and provide limited information regarding bone architecture. 5) In contrast, pQCT is now the method of choice as it can provide vBMD, differentiate cortical and trabecular bone compartments and perform in vivo measurement of histomorphometric parameters like endosteal and periosteal circumferences, total and cross-sectional bone areas. 6) As an alternative to four-point bending testing, three-point bending testing has become more widely used for the evaluation of whole bone strength. Although the two testing modalities are complementary to some extent, when describing the mechanical characteristics of bone, it appears that four-point bending testing has some disadvantages, which requires that the force at each loading point be equal. This requirement is simple to achieve in regularly shaped specimens but difficult to achieve in whole bone tests. 7) Therefore, three-point bending is used more often for measuring the mechanical properties of bones from rodents.
The differential responses of bone properties to the mid-to long-term effects of ovariectomy in rats has been widely studied, [8] [9] [10] [11] [12] [13] and simultaneously efficacy testing of potential chemicals for anti-POP in ovariectomized (OVX) rats was also conducted in a duration of mid-to long time. Previous studies showed that the earliest statistically significant time of cancellous bone loss of rats in the proximal tibial metaphysis (PTM), lumbar vertebral body (LVB) and femoral neck (FN) occurring at 14, 60 and 30 d post ovariectomy, respectively, and the time of 50% bone loss for the PTM was 30-60 d, 8, 9) and for LVB and FN was 180-270 d. 10, 11) While the earliest changes in cortical bone width and medullary cavity size to be between 90-120 d and to reach a steady state often 180 d or more. 12, 13) These suggested that influence of ovariectomy on bones showed site-and time-specific development.
The research purpose and content of previous studies are very different from the present study. Previous studies investigated the long-term effects of ovariectomy or ageing on animal skeletons, furthermore, bone parameters studied were limited to bone mass and peak load in bone strength, neglecting bone morphological parameters, predicted bone strength parameters and other structural mechanical strength (including break load, deformation, energy). Thus, few systemic reports about the short-to mid-term effects of ovariectomy in appendicular bones of rats are available. Against this background, we investigated short-to mid-term effects of ovariectomy on bone turnover markers, bone mass, bone morphologic and predicted bone strength using a pQCT system, and 
MATERIALS AND METHODS

Animals and Experimental Protocol
Forty-eight virgin female Sprague-Dawley rats aged 12 weeks (225Ϯ6.9 g) were purchased from GuangZhou University of Traditional Chinese Medicine (GuangZhou, China). The rats were housed in a room which provided alternating 12 h periods of light and dark with the room temperature at 23Ϯ1°C and humidity 55Ϯ5%. All animals were allowed free access to distilled water and fed on a commercial diet. Husbandry of the animals was based on the NIH Guide for Care and Use of Laboratory Animals. 14) After a week of acclimatization, the rats were divided at random into three groups as followed: No-treatment control (NT, nϭ20); Sham-operated (Sham, nϭ14) and ovariectomized (OVX, nϭ14). The animals in each group were randomly assigned to two subgroups based on the duration of ovariectomy, either 4 weeks (NT, nϭ6; Sham, nϭ6; OVX, nϭ6) or 18 weeks (NT, nϭ8; Sham, nϭ8; OVX, nϭ8). The residual normal rats (nϭ6) were as baseline control at week 0. Urine and serum was collected after 0, 4, 18 weeks of operation, and the tibias and femurs were dissected out and cleaned of all soft tissue, then wrapped in saline-soaked towels, sealed in plastic bags and stored Ϫ20°C for further analysis.
Blood Test Serum calcium, phosphorus concentrations and alkaline phosphatase level were measured by standard colorimetric methods using an automatic analyzer type AL-CYON 300i (Abbott Laboratories Ltd., U.S.A.). The kits were purchased from Zhongsheng Beikong Bio-technology and Science Inc. (Beijing, China). Serum osteocalcin level was determined using sandwich ELISA kit (Biomedical Technologies Inc., Stoughton, U.S.A.) for rat osteocalcin only.
Urinary Test The concentration of calcium, phosphorus and creatinine in the urine was measured by the same method as that of the serum samples. Urine deoxypyridinoline was assayed by competitive enzyme immunoassay using METRA TM DPD EIA kit (Quidel Corporation, San Diego, U.S.A.). Results of calcium, phosphorus and DPD were corrected for urinary concentration by creatinine.
Peripheral Quantitative Computerized Tomography (pQCT) Analysis Right tibias were thawed at room temperature before testing, and the bone mineral density of intact tibias was measured by peripheral quantitative computerized tomography (pQCT) with an XCT2000 machine (Norland Stratec Medizintechnik GmbH, Birkenfeld, Germany) aided by specially designed software for small animals. Cone Phantom (Slice 1: 787 mm 2 Slice 2: 0.539 1/cm Slice 3: 0.333 1/cm Slice 4: 0.436 1/cm) and Standard Phantom (0.436 1/cm) were scanned to calibrate the instrument. The exact position of the tibia within the gantry core of the XCT machine was visualized with a fan beam from a 58 kV X-ray source with a current of 0.178 mA. Two sites of each tibia were scanned; the first site for trabecular bone was measured at 2.5 mm distal to the proximal end, and the second site for cortical bone was measured at 15 mm distal to the same position ( Fig. 1) . Humidity was maintained at 50 to 60% to ensure that the machine ran normally. Cancellous BMD (Cn.BMD), total BMD (To.BMD), BMC, cancellous bone area (Cn.Ar), total bone area (To.Ar) and stress strain index (SSI) in the first site and cortical BMD, cortical cross-sectional area and SSI in the second site were recorded as given by the pQCT software. SSI was calculated using the following formula: SSIϭ∑ iϭ1,n r i 2 ϫaCD/ND/r max where r is the distance of a voxel to the center of gravity, r max is the maximum distance of a voxel to the center of gravity (mm), a is the area of a voxel (mm 2 ), CD is the measured volumetric cortical density (mg/cm 2 ), and ND is the normal physiological density (1200 mg/cm 2 ). Biomechanical Tests Rat femurs were removed from freezer and allowed to submerge in physiological saline solution to thaw and held at room temperature on the day of test. Bone strength was measured on intact femurs using a threepoint bending test. Each specimen was placed on two supports spaced 15 mm apart and load was applied to the bone midway between the supports at a deformation rate of 2 mm/ min until fracture occurred. The press head and the two support points were rounded to avoid shear load and cutting. The femurs were positioned such that bending occurred about the medial-lateral axis. Load-deformation curves were recorded during bending process using Hounsfield material testing machine (Model H10KM, Hounsfield Test Equipment Limited, U.K.). The following parameters shown in Fig. 2 reflecting structural properties of bones were calculated by automated computation: peak load (a measure of the maximum force that the bone withstood before fracture); peak deformation (distance traveled by the press head until peak point is reached); fracture load (a measure of the force that the bone fracture occurred); fracture deformation (distance traveled by the press head until fracture point is reached); stiffness (slope of the linear part of the curve, a measure of the extrinsic rigidity of the femur) and energy (area under the curve, energy required to fracture the bone).
Statistical Analysis Data were expressed as the mean valuesϮS.E.M. Inter-group differences were analyzed by one-way analysis of variance (ANOVA) and Turkey's test as post test after ANOVA was performed to compare the group means by the statistical software of GraphPad PRISM (Version 4.0). These parametric statistical tests could be used as the data were normally distributed. A p value less than 0.05 was considered statistically significant.
RESULTS
Body Weight and Uterus Weight
Rats in all experimental groups had similar initial body weights. The body weight of the OVX rats were significantly increased at 4 weeks post operation (pϽ0.05 vs. Sham, Table 1 ), and it increased continuously in OVX group during the experimental duration. As expected, ovariectomy induced uterus atrophy in rats and the uterus index was decreased significantly (pϽ0.001 vs. Sham, Table 1 ).
Ca and P Level in Serum and Urine Chemistries in serum and urine for all groups studied were shown in Table  1 . Serum Ca level in OVX rats was reduced slightly at 4 weeks, and significantly (pϽ0.05) at 18 weeks following ovariectomy, while serum P level showed no difference among groups in experimental period. At week 4, urinary excretion of Ca (pϽ0.01) and P (pϽ0.001) in OVX rats was much higher than that in Sham rats. At week 18, high urinary Ca excretion induced by ovariectomy was still observed, while, the OVX rats did not show a significant change in urinary P level.
Bone Turnover Markers Serum alkaline phosphatase (ALP) is the biomarker for bone formation, and urinary deoxypyridinoline (DPD, a product of the post-translational modification of collagen during bone resorption) is the biomarker for bone resorption. Ovariectomy resulted in a slightly reduction in the level of serum ALP in short time after ovary extraction and significantly elevation (pϽ0.01 vs. Sham, Fig. 3A ) at week 18 after ovariectomy. For urine DPD/Cr, its level was significantly higher in OVX rats than that in Sham rats either at week 4 (pϽ0.001 vs. Sham, Fig.  3B) or at week 18 (pϽ0.05 vs. Sham, Fig. 3B) . Moreover, the level of serum ALP and urine DPD/Cr in NT and Sham rats were both reduced during the experimental period.
Bone Properties in Tibia Metaphysis and Diaphysis From the images of cancellous bone in the proximal tibial metaphysis scanned by pQCT (Fig. 4) , it was clearly seen that ovariectomy resulted in the reduction of cancellous BMD, as demonstrated by a significant decrease in cancellous BMD (34.0% at week 4 and 28.1% at week 18, Table 2 ) and total BMD (20.9% at week 4 and 21.2% at week 18, Table 2 ) in OVX rats with regard to their corresponding Sham rats. Simultaneously cancellous BMC in tibial metaphysis was reduced (pϽ0.05) in OVX rats at week 18. SSI-p and SSI-x, index that estimates bone strength in torsion and bending, respectively, were declined (pϽ0.05) significantly 4 weeks after ovariectomy and remained the marked reduction (pϽ0.05) at week 18 compared to Sham rats. During the study period, bone cross-sectional area in tibial metaphysis was not altered by ovariectomy. Furthermore, bone mass, bone area and predicted bone strength in tibial diaphysis did 900 Vol. 30, No. 5 not achieve sufficient statistical power by the effects of shortto mid-term of ovariectomy (Table 3) . Bone Mechanical Property Ovariectomy produced no change in maximal force, break force or the deformation in femoral diaphysis compared to Sham rats (Table 4) . Furthermore, neither energy absorption, required for breaking the bone, nor stiffness, represented the bone rigidity, reached statistical significance between OVX rats and Sham rats over the duration of the study.
DISCUSSION
In the current study, we used 3-month-old rats based on the results of previous studies. 15, 16) They compared the histomorphometric and chemical parameters and found that significant differences were observed only in the OVX rats at a young or young-mature age, i.e., mainly at 1 to 3 months. Furthermore, the characteristics of bone loss in young rats were mostly similar to those of the aged rat model. Therefore, we selected 3-month-old rats having ovariectomy for the present investigation. The present study demonstrated that rapid bone loss in rats following ovariectomy occurred in a site-specific fashion that cancellous osteopenia developed, while skeletal properties in the site of cortical-rich bone had no responses to ovariectomy, in our experimental period. In addition, short-and midterm effects of ovariectomy resulted in different changes on bone turnover markers with serum ALP level decreased 4 weeks and increased 18 weeks following ovariectomy compared to sham rats, while urine DPD/Cr level was higher than sham rats in this study period.
In our study, bone loss manifested by BMD and BMC in the proximal tibial metaphysis, an area that represents cancellous bone, was observed 4 weeks after ovariectomy and lasted to 18 weeks post operation. Several studies have described similar findings related to ovariectomy lasting a few days to several weeks. 17, 18) In the present study, we attempt to employ pQCT-derived parameters as non-invasive indicator for biomechanical properties of rat tibia in response to ovariectomy. Stress strain index (SSI, a variable that takes into account the amount of bone mass, its density, and its distribution around the neutral axis), 19) generated by pQCT analysis were being confirmed as a good estimate for assessment on bone strength. [19] [20] [21] The torsional and bending strength predicted by SSI-p and SSI-x, respectively, were also decreased rapidly in proximal tibial metaphysis after ovariectomy. Such change was also observed in a clinical study in which the torsional strength at the 4% proximal point to the distal end of human radius was reduced in German postmenopausal women above 52 years of age. 4) Nevertheless our study revealed that bone mass, predicted bone strength and bone morphology in the tibial diaphysis were not altered by the effect of short-to mid-term of ovariectomy in accordance with the previous reports that long time (at least 6 months) of ovariectomy induced bone loss at the midshaft of long bone. 17, 22) Therefore, the changes of bone mass and bone strength in the proximal metaphysis in long bone could be applied in discovering new drugs and inspecting the efficacy of drugs for the prevention in a short-to mid-term for POP.
It is now generally believed that the occurrence of fracture is dependent not only on bone mass and density but also on bone structure and architecture. 23, 24) Previous studies on the femurs of rats and mouse 20, 25) has verified that there was a strong correlation between bone strength and BSI (bone strength index), which was the combination of cross-sectional moment of inertia (geometrical property) and BMD. No obvious influence of ovariectomy in short-to mid-term on bone strength in femoral diaphysis could be explained by the following two respects. Firstly, in this experimental period, cortical BMD in OVX rats was almost the same level as that in sham rats. Secondly, altered bone cross-sectional geometry for the adaptation to higher weight gain in OVX rats counteracted the affection of ovariectomy on bone mechanical property. However, this feedback regulation for load-bearing capacity will be overrun in long time by ovariectomy.
Instead of describing postmenopause as only a state of bone loss, it might be more appropriate to describe it as a state of rapid bone metabolism in which bone remodeling is high. 26, 27) High bone remodeling was shown by the significant elevation of the level of bone turnover markers in serum and urine 18 weeks after ovariectomy in this study. Our study also showed that an increase in bone resorption occurred (at week 4) earlier than an increase in bone formation (at week 18). This suggested that the rate of bone resorption exceeded bone formation and bone remolding uncoupled in a short time after ovariectomy, which could account for the rapid cancellous bone loss in OVX rats in the present study and negative BMU (basic multicellular units) balance, a consequence of the delay in bone formation within each of the many more and new remodeling sites reported in previous study. 27) Since the bone resorption marker, urine DPD, is quite susceptible immediate to ovariectomy, it is thus conceivable that it is able to provide an early indication of an effect of candidate drugs on bone, while the bone formation marker, serum ALP, is useful in providing supporting evidence in evaluations on bone health in a mid-to long-time due to its responding more slowly to ovariectomy. In addition, an interesting result in our study was observed that serum ALP level showed an obvious trend of reduction by the short-term of ovariectomy, which corrects the classical opinion that the level of bone formation marker elevates due to high bone turnover after ovariectomy. In fact, previous results were from the studies conducted in a longer time after ovariectomy, which is consistent with our present result in the mid-term effect of ovariectomy on serum ALP level.
In conclusion, our study reveals that the proximal metaphysis, not the mid-shaft, of long bone is the sensitive site for the short-to mid-term effect of ovariectomy in rats. In addition, ovariectomy induces the uncoupling of bone turnover, demonstrated as the rapid increase of bone resorption and slow increase of bone formation by the short-term and midterm effect of ovariectomy, respectively.
